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Abstract 
 
Road infrastructure is a major contributor of greenhouse gas (GHG) around the world.  Once 
constructed, a road becomes a part of a road network and is subjected to recurrent 
maintenance/rehabilitation activities. Studies to date are mostly aimed at the development of 
sustainability indicators that deal with the material and construction phases of a road when it is 
constructed. The operation phase is infrequently studied and there is a need for sustainability 
indicators to be developed relating to this phase to better understand the GHG emissions as a 
proper response to the climate change phenomena.  
 
During the operation phase, maintenance/rehabilitation activities are undertaken based on 
certain agreed intervention criteria that do not include environmental implications relating to the 
climate change aspect properly. Availability of appropriate indicators may, therefore, assist in 
sustainable road asset maintenance management.  
 
This paper presents the findings of a literature based study and has proposed a way forward to 
develop a key “road operation phase” environmental indicator, which can contribute to road 
operation phase carbon footprint management based on a comprehensive road life cycle 
system boundary model. The proposed indicator can address multiple aspects of high impact 
road operation life environmental components such as: pavement rolling resistance, albedo, 
material, traffic congestion and lighting, based on availability of relevant scientific knowledge. 
Development of the indicator to appropriate level would offset the impacts of these components 
significantly and contribute to sustainable road operation management.  
 
Keywords: Climate Change, Road, Sustainability, Environmental Indicator, Green House 
Gas (GHG).  
 
1. Introduction  
 
Construction and operation of road infrastructure projects include some of the most intensive 
engineering activities. These activities under different phases of a road infrastructure e.g. 
construction, use, maintenance and demolition have significant environmental impacts 
(Stripple, 2001). As a result, attainment of sustainability in road network development and 
management is a growing international concern (Soderlund, 2008).  
 
Sustainability in general comprises of three dimensions- environment, social wellbeing and 
economy. The changing climate phenomenon, as a consequence of growing level of 
greenhouse gas (GHG) emissions, is drawing attention to the environment dimension. 
Therefore, sustainability indicators (can be termed as environmental indicators for the 
environment dimension of sustainability) having measureable influences on road infrastructure 
from a whole-of-life consideration are required to deliver sustainable roads.  
 
This paper presents the follow-up of three published conference papers (Alam et al. 2013,  Alam 
and Kumar 2013a, and, Alam and Kumar, 2013b) under the continuing study of ‘developing 
indicators for sustainable roads’ focusing the less studied but most impacting operation phase. 
This study includes detail analysis of all the recent relevant works including Australian studies 
such as Infrastructure Sustainability Council of Australia - ISCA (erstwhile AGIC) and VicRoads 
sustainability rating schemes IS and Invest respectively.  
 
 
2. Sustainability 
 
The ever growing development activities are contributing to the climate-change phenomena. 
This has drawn global political attention for green or sustainable development. The Brundtland 
Commission (UN, 1987) defines sustainable development as “the development that meets the 
needs of the present without compromising the ability of future generations to meet their own 
needs.” It means the need of the protection of the environment and resources while ensuring 
continuous economic stability and social equity (Willetts et al., 2010).  
 
The increasing level of emissions due to growing energy and resource consumption result in 
global warming and consequent climate change phenomena. As a result, the environment 
dimension of sustainable development is considered important.  
 
2.1 Sustainability Indicators 
 
The level of achievement of sustainable development can be assessed through related 
economic, social and environmental factors generally known as sustainability indicators. The 
indicators may result from a set of measurements, from calculated indices, or may be based 
on expert systems. The popular methodologies of indicator development involve assimilation 
of common perceptions and expectation of different stakeholders towards achieving 
sustainability (Lim, 2009). The process generally includes interviews, workshops, surveys and 
case studies to gather structured information on some specific areas of influence based on 
present level of scientific and social understandings. However, these popular processes often 
do not cover some vital issues due to gaps in common understanding in present day practices. 
As an outcome, methodologies based on scientific measurement of impacts are getting 
importance for developing sustainability indicators (Cloquell-Ballester et al., 2006, Bauler, 
2012)  
 
2.2 Sustainability in Roads 
 
Road infrastructure with a total paved length of 69 million km (CIA, 2012) has been considered 
as one of the most extensive infrastructure assets in the world. The sustainability aspect of road 
networks has two key challenges relevant to climate change. One is reduction of emissions 
from roads to minimize the progression of climate change, and the other is to preserve roads 
form the impact of changing climate (INVEST, 2011).  
 
The conventional “environmental factors” for assessing road projects towards sustainability are 
biodiversity, pollution prevention, air and water quality, habitat and species protection, land use 
and visual amenity. Over the years new “environmental factors” such as impact on communities 
now and in the future, climate change considerations, efficient resource use, source of material, 
whole of life considerations and waste management have emerged, which indicate a growing 
and complex boundary of sustainability concept  (Griffiths, 2008). As a result, development of 
a comprehensive life cycle assessment (LCA) framework for road projects has been accepted 
to facilitate the identification of improved sets of sustainability indicators that will contribute to 
the environment dimension (Stripple, 2001, Soderlund, 2008, Chan et al., 2011). It is 
considered that LCA can generate comprehensive strategies for lowering emissions, reducing 
waste, and minimizing energy, water, or natural resource consumption (Santero et al., 2011a) 
 
2.3 Road LCA Studies  
 
Life cycle assessment (LCA) for environmental impact study of road infrastructures has been 
of interest since 1996. Santero et al. (2011b) compiled 15 road LCA studies from 1996 to early 
2010 and identified the need for a comprehensive system boundary to undertake LCA of road 
projects. Other recent studies have also identified the lack of a comprehensive system 
boundary for conducting LCA of road projects (Zhang et al., 2010, Yu and Lu, 2012, Ting et al., 
2012). 
 
Alam et al. (2013) studied published road LCA studies until 2013 and segregated various road 
environmental components as low impact and high impact for different phases of a road life. A 
comprehensive model for road LCA system boundary analysis (Figure-1) has been proposed 
that includes all the high impact road environmental components throughout the life of a road.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Road LCA System Boundary Model (Alam et al., 2013). 
 
The different phases of a road as presented in the model are expanded below: 
 
Once a road is constructed, it is open for use and becomes a part of a road network, i.e. its 
operation life starts. Usually the road gets a perpetual life, but it needs regular maintenance 
activities to be trafficable. Absence of proper maintenance regime often leads to premature 
pavement failure and generally requires rehabilitation or reconstruction of the road to continue 
its service life. Both during construction and maintenance works, it requires materials and their 
transportation. Some of the materials can be from recycling of the existing road structure. The 
construction and maintenance activities sometimes cause significant traffic congestion. During 
the use phase, there are phenomena like rolling resistance to the moving vehicle, solar energy 
reflectivity, lighting requirement etc., the intensity of which depend on the condition of the 
pavement surface. From a holistic consideration the use phase can be termed as the operation 
phase that needs supplements from the materials and maintenance phases.  
  
2.4  Road Environmental Indicators 
 
To identify the road environmental indicators currently in use, Alam and Kumar (2013b) studied 
some standard Sustainability Schemes used for sustainable road development based on the 
Road LCA System Boundary Model presented in Figure- 1. These are all-infrastructure type 
schemes- IS (Australia), Envision (USA), CEEQUAL (UK), and road specific schemes- Invest 
(Australia), and Greenroads (USA). They found that the rating schemes do not fully address all 
the high impact road life cycle environmental components (LCECs). LCECs such as material 
and transportation are better addressed, but LCECs such as traffic congestion during re-
construction, rolling resistance of the pavement, albedo, street lighting, and end-of-life 
management (recycling) are partially or marginally addressed. A further study by Alam and 
Kumar (2013a) identified the following environmental indicators generally considered at present 
for sustainable road development and operation:  
 
a) Use of regional material. 
b) Use of recycled material. 
c) Reuse of material. 
d) Earthwork balance. 
e) Reduction of waste. 
f) Reduction of net embodied energy. 
g) Reduction of energy use. 
h) Use of renewable energy. 
i) Energy efficiency. 
j) Reduction of emissions. 
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Alam and Kumar (2013a) identified that the present generation environmental indicators do not 
fully address the most impacting operation or service life of a road and, therefore new indicators 
are required to address different relevant environmental components.  
 
3. Road Operation Phase Environmental Components 
 
As part of road operation, there are annual routine maintenance works such as pothole repair, 
crack sealing, drainage cleaning, grass cutting etc., and periodic maintenance works such as 
resealing or asphalt overlays once in every few years. Provision of a good maintenance 
program in place helps to keep the roads serviceable and delays rehabilitation or reconstruction 
works. A modern road agency keeps its network operational by maintaining an updated asset 
management program in place with necessary financial and technical resources.   
 
Referring to the Road LCA Model of Figure-1; the ‘Road Operation Phase’ in a broader sense 
includes the ‘Use Phase’, ‘Maintenance Phase’ and ‘Materials Phase’. The maintenance phase 
requires materials; the impact of the major environmental components of this phase e.g. 
material extraction & production, and transportation depend on the level of maintenance 
activity. These components have been well addressed by different environmental indicators 
listed in Section 2.4. The remaining environmental components that fall under the “Use and 
Maintenance” phases are: rolling resistance, albedo, lighting and traffic congestion. These 
components need appropriate indictors that can facilitate the development of a sustainable road 
asset management program.  
 
The lighting and traffic congestion components are case specific. Lighting is usually required in 
urban areas, and traffic congestion depends on traffic capacity of the network and the level of 
maintenance activities including scope for detouring during works. On the other hand, rolling 
resistance is a common phenomenon throughout the life of a road. The impacts are in the form 
of road roughness (resulting from pavement unevenness) and pavement stiffness (resulting 
from pavement structure), which interact with the rolling vehicles. Usually higher rolling 
resistance results in higher emissions through additional fuel and engine oil consumption, tyre 
wear and vehicle repair. Previous studies (Santero and Horvath, 2009, Zhang et al., 2010, Yu 
and Lu, 2012, Ting et al., 2012) have identified rolling resistance as the most concerning 
environmental component of a road. Albedo, which refers to the solar radiation reflected off the 
surface (Figure- 2) and contributes to global cooling by adjusting the radiative forcing of the 
earth’s surface, is also a complicated phenomenon since it improves for asphalt surfacing over 
age, while degrades for cement concrete surfacing over age (Yu and Lu, 2012). Santero and 
Horvath (2009) studied eight different road environmental components using global warming 
potential (GWP) as measured by units of carbon dioxide equivalents (CO2e) as the 
environmental impact for an analysis period of 50 years (Figure- 3).  The thick, gray bars 
represent the probable ranges and the thin, black lines represent the extreme ranges. This 
study also shows that quantitatively the two use phase components- rolling resistance 
(combining roughness and stiffness impacts) and albedo (combining radiative forcing and 
urban heat island impacts) comprise a major part of road environmental impacts from life cycle 
consideration.  
 
 
 
 
Figure 2: Albedo values of 
different earth features 
including asphalt and 
concrete pavements. 
(Source: 
http://www.climatepedia.org/
Albedo) 
 
 Figure 3: GWP impact ranges for components of the pavement life cycle 
 (Santero and Horvath, 2009) 
 
3.1 Rolling Resistance Impacts 
 
The impact of rolling resistance becomes significant because it affects every vehicle using the 
road (Ting et al., 2012). Chupin et al. (2012) reported that rolling resistance accounts for about 
12% of the total fuel consumption. It has two different dimensions: roughness and structural 
strength. Increasing roughness causes more vibrations and reduces driving speed, and thus 
increases fuel consumption and pollutant emissions of vehicles (Yu and Lu, 2012). A review of 
some international studies by Tan et al. (2012) shows that roughness causes additional fuel 
consumption of 0.4 to 1.7 for car (Table- 1a) and 0.45 to 1.1 for truck (Table- 1b) for increase 
of per unit of International Roughness Index (IRI)1 on a range of surfaces. In case of asphalt 
pavement (not cement concrete), pavement structures influenced by its stiffness and visco-
elastic properties contribute to rolling resistance, which affects fuel consumptions of vehicles 
significantly (Ting et al., 2012). At low speeds and under summer conditions, heavy trucks 
driven over asphalt pavements consume about 4% more fuel than if were driven over cement 
concrete pavement (Chupin et al., 2012). 
 
 
Country Study Year IRI Range % increase of fuel 
consumption per unit of IRI 
USA 1982 0.5 – 3.7 0.4 
USA 1984 1.4 – 5.5 0.5 
USA 2010 1 - 5 0.9 
UK 1988 1.7 – 5.4 0.8 
France 1990 1 - 6 1.2 
Sweden 1990 1 - 6 1.7 
South Africa 1990 1.2 – 1.5 0.7 
Australia 1997 1.2 – 5.8 0.9 
 
Table 1a: Roughness effect on the fuel consumption of car  
(After Tan et al., 2012; Modified) 
                                               
1
 IRI is the accumulated vertical variations in longitudinal road profile with units m/km, in/mi etc 
Country Study 
Year 
IRI Range % increase of fuel 
consumption per unit of IRI 
USA 2002 3.1 – 3.7 0.45 
USA 2010 1 - 5 0.6 
South Africa 1990 1.2 – 1.5 1.1 
New Zealand 1999 1.7 – 5.3 0.8 
Australia 1997 1.2 – 5.8 0.9 
 
Table 1b: Roughness effect on the fuel consumption of truck  
(After Tan et al., 2012; Modified) 
 
 
The roughness also impacts on vehicle repairs, tyre wear and engine oil (Tan et al., 2012). All 
these components have considerable GHG emissions with their production and application 
process. The fuel releases GHG at first during production of the materials and later during 
burning of fuel in vehicle driving. Vehicle repair requirements cause GHG for spare parts 
production and also contribute to the repair process. Tyre and engine oil production similarly 
cause GHG emissions. As such, assessment of GHG emissions for the additional needs due 
to increased roughness would provide a better picture of use phase GHG emission.   
 
The environmental impact in the form of GHG emission due to road roughness is relatively less 
studied, while the impact on vehicle operating cost (VOC) has been well documented. Islam 
and Buttlar (2012) observed that road user costs including fuel consumption, repair and 
maintenance (R&M), depreciation, and tyre costs increase dramatically with the increase of 
pavement roughness, which far outweighs agency (road service provider) costs associated with 
the construction and maintenance of the facility itself. Zaabar and Chatti (2010) found that a 
decrease in IRI by 1 m/km decreases tyre wear by 1% for passenger cars. They also found that 
an increase in IRI up to 4 m/km increases R&M cost by 10% for passenger cars and heavy 
trucks. At IRI of 5 m/km, this increase is up to 40% for passenger cars and 50% for heavy 
trucks. An Australian study (BTCE, 1997) found that in the range of 1.2 to 5.8 IRI, the 
consumption of engine oil would increase by 250.5% for cars, 54.8% for rigid trucks, and 38.9% 
for articulated trucks.   
 
3.2 Albedo Impacts 
 
Albedo has multiple impacts in terms of GHG emission. Akbari et al. (2009) estimated that every 
0.01 increase in albedo due to increased radiative forcing can offset 2.55 kg of emitted CO2 for 
every square metre of surface over a period of 25 to 50 years. This is significant for the volume 
of pavement surface in our built environment. The consideration of albedo phenomena can 
have significant impact to the pavement resurfacing policies in some regions in terms of 
material selection and timing for resurfacing. Table -2 shows the general range of albedo for 
different types of pavements. Poor surface albedo leads to urban heat island effect. The 
incoming solar radiation absorbed by the pavement increases the ambient temperature, 
resulting in higher energy demand for cooling devices. The higher reflectance of high albedo 
surface requires less illumination i.e. reduces energy need for lighting of urban roads.  
 
Pavement Type Albedo 
New Weathered 
Asphalt 0.05 – 0.10 0.10 – 0.15 
Gray portland cement concrete  0.35 – 0.40 0.20 – 0.30 
White portland cement concrete 0.70 – 0.80 0.40 – 0.60 
 
Table 2: Albedo of pavement surfaces (ACPA, 2002) 
 
 
4. Road Operation Life Management 
 
Maintenance of roads is traditionally a matter of optimisation of road surface condition from 
economic and social considerations. However, with the emergence of sustainable development 
concept the inclusion of environmental impacts is becoming a major requirement. As such, the 
inclusion of the two key road operation phase environmental components, rolling resistance 
and albedo, in road asset maintenance programming through an appropriate indicator is 
important. The possible optimisation of operation phase GHG emission by the indicator can be 
an effective tool for managing a road network sustainably.  
 
In general, road agencies standardize certain level of road condition usually in the form of IRI 
that acts as a trigger for designing maintenance intervention optimising agency cost. The level 
of trigger roughness has impact on total life-cycle GHG emissions. A lower minimum achievable 
roughness (say IRI < 2.0 m/km) resulting in lower overlay intervals (say less than 15 years), 
which causes lower user emissions and higher agency emissions. On the other hand, a higher 
minimum achievable roughness (say IRI > 2.0 m/km) resulting in higher overlay intervals (say 
more than 15 years), which causes higher user emissions and lower agency emissions (Lidicker 
et al., 2012). Optimisation of user and agency emissions with other variables, such as cost and 
community concerns, is important for sustainable road asset management. 
 
Considering road agencies’ asset management policies that, in general, focus on cost-
efficiency; appropriate trade-off between life-cycle costs and emissions is important for 
delivering sustainable road networks. Evolution of a holistic environmental indicator that can 
provide the possible environmental impact of different treatment options including the “do-
nothing” option for an assessment period would best serve the agencies to optimise their 
network from sustainability consideration. This indicator can be assessed along with other 
conventional factors such as benefit-cost ratio or net-present value towards the selection of 
sustainable treatment options.  
 
4.1 Operation Phase Environmental Indicator 
 
The environmental indicator to address the road operation phase should consider all the 
relevant high impact environmental components. However, the science relating life cycle 
assessment of road pavement for the operation life is still relatively new and there are gaps in 
knowledge base (Yu and Lu, 2012). Therefore, the proposed environmental indicator may 
exclude some of the less understood components relating road operation life at the primary 
stage. Gradual inclusion of these components would be possible over time based on scientific 
developments and their importance in attaining sustainability. As such, primarily the proposed 
environmental indicator is designed considering environmental concerns relating two most 
impacting use phase environmental components- rolling resistance and albedo. For a holistic 
assessment of the use phase GHG emission, the materials phase components relating road 
maintenance activities (during the operation life) are also included. This approach would enable 
selection of best possible treatment option by comparing life cycle carbon footprints of 
alternative treatments.  
 
It is proposed that the indicator can be termed as “RUG Factor” i.e. Road Use GHG (Green 
House Gas) Factor. Considering present level of knowledge, it can consider the impacts of (a) 
road roughness effect on fuel consumption, tyre consumption, vehicle repair and maintenance, 
and engine oil consumption; (b) pavement structure effect on fuel consumption; (c) albedo  
effect for radiative forcing and heat island effect; and (c) maintenance work effect on material 
extraction, production, transportation and laying (including embedded energy). The following 
equation gives a general outlook of the proposed RUG Factor.  
 
RUG Factor = RRF + PSF + AF + MF …………………………………………………….. (I) 
 
Where,  
RRF = Road Roughness Factor 
AF  = Albedo Factor  
PSF = Pavement Structure Factor  
MF = Material Factor  
 
Each of the above factors should count all the important environmental impacts based on 
knowledge availability for GHG emissions, thus delivering carbon footprint of a treatment option 
that includes the impacts of the treatment works (for change of roughness and albedo) and the 
users’ impacts (for change in fuel, tyre, repair and engine oil requirements) over the assessment 
period.  
The proposed RUG Factor should include components having substantial scientific findings to 
provide analytical outcome. It is envisaged that with the advancement of relevant science new 
components likely to be included to have better findings. As such, components such as (a) 
traffic congestion/detouring, (b) lighting requirement for urban roads can also be considered in 
future. For a do-nothing strategy or lower level intervention, the GHG for extra travel time; and 
GHG for users’ discomfort (consequences like extra relax time, medication requirement etc.), 
for the deteriorated pavement condition, can also be considered once enough research findings 
are available. This seems complicated; but there are GHG emissions for human living i.e. the 
foods and services taken for living, the GHG for medication or relax time required to overcome 
the discomfort after travel. Since the real-time RUG Factor includes only the assessable 
components, all the components require complete methodology for GHG calculation to deliver 
the GHG Factor of each treatment scenario including the do-nothing option.  
 
5. Conclusion 
 
A more sustainable road network through optimisation of GHG emissions throughout the road 
life cycle may assist in containing the impact of climate change. The challenge is in developing 
an appropriate indicator that can address the issue. Road maintenance management tools 
around the world are generally based on economic analysis, and there is hardly any option to 
confirm optimised GHG emission in delivering road projects. The proposed indicator, 
addressing major environmental components that result from the road operation phase, can 
provide guidance in selecting the most sustainable treatment option based on GHG emission 
assessment. A combination of conventional maintenance triggers such as IRI, surface seal age 
etc. and the proposed RUG Factor can be an effective tool to address different dimensions of 
sustainability i.e. environment, economy and social wellbeing towards the delivery of 
sustainable road network.  
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